The flat band has attracted a lot of attention because it gives rise to many exotic phases, as recently demonstrated in magic angle twisted bilayer graphene. Here, based on first-principles calculations, we identify a metal-insulator transition in boron triangular Kagome lattice with a spin-polarized flat band at 2/3-filling. This phase transition is accompanied by the formation of a Wigner crystal, which is driven by Fermi surface nesting effect and thereby strong electron-phonon interactions, keeping ferromagnetism. Our calculation results suggest that boron triangular Kagome lattices with partially filled flat bands may open a new playground for many exotic quantum phases in two-dimensional systems, such as Winger crystallization and fractional quantum Hall states. 2 The flat band is the hallmark of exotic quantum states in solids, for example, flat-band ferromagnetism [1, 2] , high-temperature superconductivity [3−6], Wigner crystallization [7, 8] , and fractional quantum Hall (FQH) states [9−11], because electrons are confined in a narrow energy window with quenched kinetic energy and huge density of states. The flat bands mainly originate from destructive interference between hopping parameters in dice, Lieb, and Kagome lattices [12−14], but they also appear as non-trivial surface states, so-called drumhead-like surface states, in Dirac nodal line semimetals [15, 16] . A recent theoretical study has shown that twisted bilayer graphene can possess flat bands at a magic twist angle [17] , and subsequently, the accessibility of the flat bands and the electrical tunability through twist angle have been experimentally demonstrated [18−20]. This experiment has revealed the rich physics of partially filled flat bands, showing unconventional superconductivity as well as strongly correlated phases at half-filling [18−20].
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A Kagome lattice is a prototype system with intensive studies on flat band physics [1, 9−10,21−32], which have suggested various phases. At half-filling of the flat band, it is known that ferromagnetic ordering is preferred in Kagome lattices, so-called flat-band ferromagnetism [1, 25] . For electron densities lower than half-filling, for example, 1/6-and 1/9-filling, the formation of a Wigner crystal has been reported, in which interaction energies dominant over kinetic energies, leading to a new crystal phase [26, 27] , whereas magic angle twisted bilayer graphene (MA-TBG) shows a Mott-like insulating gap at half-filling [19] . Moreover, through first-principles calculations, quantum spin Hall and quantum anomalous Hall states for non-trivial flat bands have been suggested in Li-doped herbertsmithites [30] , metal-organic frameworks [31] , and boron triangular Kagome lattice [32] . In addition to exploring new phases, it is natural to ask how partial filling of the flat band affects the structural stability and induces exotic phase transitions in real materials when tuning the Fermi level within the flat band. However, due to the limited material realization of stable Kagome lattices, the dynamical stability and evolution of new phases as a function of flat band filling have been remained unclear yet. 3 In this Letter, through first-principles calculations, we investigate the electronic structure and dynamical stability of a two-dimensional (2D) boron triangular Kagome lattice with a partially filled flat band, which has been recently predicted [32] . Under hole doping into the spin-polarized flat band, we identify that the Fermi surface nesting effect becomes significant, yielding strong electron-phonon interactions. At 2/3-filling of the spin-polarized flat band, the dynamical instability occurs in a metallic ferromagnetic phase. However, instead of structural transformation, we find a metal-insulator transition accompanied by the formation of an insulating Wigner crystal phase. Our results suggest that the 2D boron triangular Kagome lattice offers a new perspective to explore new exotic phases by tuning the filling factor of the flat band.
For a normal B3 Kagome lattice, which consists of corner-sharing triangles, a simple tight-binding model with only nearest-neighbor interactions exhibits a completely flat band and two dispersive bands that cross at the K points in the 2D Brillouin zone (BZ), as shown in Fig. 1 From the nesting function ( ) defined as,
the Fermi surface nesting is found to be prominent at the K point when the flat band is 2/3-filled [33] . Near = 0, the nesting function just represents the density of states around the Γ point. Since electron-phonon interactions are significantly affected by the Fermi surface nesting, the Fermi surface nesting plays an important role in determining phase transitions such as charge-density waves [34−38] and conventional superconductivity [39] . 4 Recently, ab initio evolutionary crystal structure search calculations showed that a 2D boron triangular Kagome lattice composed of triangles in triangles [ Fig. 1(b) ], termed B9 t-Kagome, can be synthesized on a silver substrate [32] . While an isolated B9 t-Kagome lattice is slightly twisted, it turns into an ideal B9 t-Kagome lattice under tensile strain above 16.5%. The band structure of the B9 tKagome lattice near the Fermi level is similar to that of the B3 Kagome lattice, exhibiting a nearly flat band. The spin-polarized flat bands are well separated from each other, resulting in half-metallic ferromagnetism [32] [ Fig. 1(b) ], in contrast to MA-TBG that possesses a Mott-like half-filling insulating state [19] . Due to the existence of the nearly flat band, one can expect that hole doping will affect electron-phonon interactions and thereby induce a phase transition in the B9 t-Kagome lattice.
To examine the effects of hole doping and tensile strain on the stability and magnetism of the B9 tKagome lattice, we calculated electron-phonon coupling (EPC) matrices using a density functional perturbation theory for spin-polarized states. All density functional theory (DFT) calculations were performed by using the norm-conserving pseudopotentials and the Perdew-Burke-Ernzerhof functional for the exchange-correlation potential [40] , as implemented in QUANTUM ESPRESSO package [41] . The total EPC constant ( ) was obtained by integrating the Eliashberg spectral function over frequency.
In experiments, the hole doping level ( in units of hole per unit cell) can be controlled by varying an electrostatic gate voltage. As the hole doping level increases, i.e., the filling factor of the flat band (as will be discussed later). In the same manner, there exists a critical tensile strain for a given doping level. In this case, an imaginary phonon frequency appears at the Γ point, which results from the increase of the B-B bond lengths [33] . Within a moderate range of hole doping and tensile strain, we confirmed that the B9 t-Kagome lattice maintains the ferromagnetism as well as the dynamical stability, as illustrated schematically in Fig. 1(d) .
The calculated values for various doping levels and different tensile strains are given in Table 1 .
For each tensile strain, there is a tendency that rapidly increase with . We find that the nesting function at the K point is significantly enhanced at a particular doping level of = 0. [44], YH9 at 150 GPa ( = 4.42) [45] , YH10 at 400 GPa ( = 2.41) [45] , and 2D boron sheets ( = 0.37−1.05) [46, 47] . For MA-TBG with a flat band, recent theoretical calculations showed that the EPC constant is as high as 5, depending on the twist angle and carrier concentration [48] . In the B9 t-Kagome lattice, the large enhancement of by hole doping is attributed to the existence of the nearly flat band, similar to MA-TBG. Above the critical doping concentration of = 1/3 hole/cell, corresponding to the filling factor = 2/3, the imaginary phonon mode occurs at the K point, with the enhanced phonon linewidth. Although the large Fermi nesting function, which is an imaginary part of susceptibility, does not directly guarantee the structural instability, it is clear that the dynamical instability at the K point is caused by strong electron-phonon interactions [36, 38] .
When the imaginary phonon mode appears, the strained B9 t-Kagome lattice cannot maintain the original translational symmetry. In order to search for other stable phases, we considered a larger 3×3 lateral supercell because the dynamical instability occurs at the K point. Above the critical doping level under 18% strain, we did not find any structural phase transition in the supercell calculations.
Instead, we found a new magnetic phase with the local magnetic moments distributed asymmetrically.
Since the primitive cell is a √3×√3 supercell, as depicted in Fig. 3 Recently, a Wigner crystal has been suggested for carbon Kagome graphene with the partially filled flat band [27] . Our Wigner crystal has close-packed patterns on a triangular lattice, similar to that in carbon Kagome lattice. In carbon Kagome lattice, an additional 1/3-filling for the spin-polarized flat band was required to achieve the Wigner crystallization after one-hole doping that leads to the halfmetallic ferromagnetism [27] . In the B9 t-Kagome lattice, the half-metallic ferromagnetic state already When a Kane-Mele type of spin-orbit coupling (SOC) [50] is included in the Wigner crystal phase, new quantum effects are expected due to the non-trivial band topology. When the filling factor is lowered to = 1/3, the Fermi level can across the Dirac point at the K point. With including the SOC, we find that the band gap opens at the crossing points at the Γ and K points and three flat bands have the non-trivial Chern number of C = 1 [ Fig. 4(a) ] [33] . Although the SOC is small for B systems, its strength can be enhanced using various methods, such as hydrogenation, adatom deposition, and substrate proximity effects, which have been used for graphene [51, 52] . Since FQH phases can be observed for the non-trivial flat bands with C = 1 without magnetic fields [9] [10] [11] , our 
